Abstract. Near-field optics using force sensing cantilevered optical fibers and micropipettes is used to investigate the chemical distribution of protein complexing dyes in chromosomes and the sensing and chemical imaging of surfaces and nearsurface regions. These results are put in the context of what presently can be considered as a broad picture of near-field optical chemical applications.
INTRODUCTION
Recently, a new form of optical microscopy has been developed. This technique has the potential to achieve optical resolutions that are on the molecular scale. Presently, this methodology, which is called near-field scanning optical microscopy (NSOM), has achieved optical resolutions below 50 nm. Optical characterization and intervention in chemistry is ubiquitous and thus any new optical tool has the potential of significant impact on chemistry and chemists. This article gives a brief introduction to this technique, notes some of the chemical results that have been obtained with the technique, and discusses recent results on how the technology can be used to obtain information on the chemical nature of surfaces and near-surface regions within solutions.
The essential idea of NSOM was simple in concept but was extremely difficult in implementation. The essence of the idea [1] [2] [3] was to bring a small hole, much smaller than the wavelength of light, very close, within the near-field of a surface (i.e., less than a wavelength of light) that is to be imaged and then scanning the sample or the hole in order to generate a point-by-point image of the light intensity variations in the sample. Today, a simple device can be added onto any optical microscope 4, 5 enhancing optical imaging both in resolution and with a multifunctionality that has considerable potential.
The device 4, 5 (see Fig. 1 ) resulted from a research effort in our laboratory that spanned nearly two decades. It provides an integrated microscopic solution that is based on a near-field optical element (Fig. 2 ) that combines the possibility of near-field optics with atomic force microscopy, an imaging modality that has now become standard in chemistry. The optical element is based on the introduction, by Harootunian et al., 6 of glass tapering combined with metallic coating technology to near-field optics. The technique produced straight near-field optical elements, which are used in most of the applications of NSOM today. Nonetheless, for routine applications such straight probes have limitations that are beyond the scope of this article but are described in more detail by Lewis et al. 7 The problems of straight near-field optical elements were overcome by an approach for cantilevering these glass structures that was developed by Shalom et al. 8 This allowed for the near-field optical probe to sit under the lens of even an upright microscope. Such a geometry permitted transparent integration of all forms of the NSOM technique, including reflection and imaging in liquid media, with all forms of optical microscopy and standard protocols of atomic force microscopy that con- Fig. 1 . A schematic of near-field optical system together with an example of such a system with a dual far-field microscope that allows for both transmission and reflection imaging simultaneously.
ventionally uses cantilevered structures as the probe for monitoring surface forces and topography.
In addition to this development was the introduction of a flat scanning stage with unprecedented 3D movement. 4, 5 The scanner permitted the scanning of a sample millimeters in x and y to find an area of interest in the sample. This permitted the lens of the microscope to be used effectively to rapidly locate a region of the sample that was appropriate to scan. It also permitted the fine scanning of the sample in x and y and even z with a range from 50 to 100 nm depending on voltages available for the piezoelectric elements that are the basis for the movement. The z scanning allowed for sectioning the sample optically and this permitted overlap with
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Scan head terize near-field optical resolution. The knife-edge test is a standard method to learn the width of a laser beam. In this method of optical characterization a razor blade is passed over the laser beam while a detector monitors the intensity of the laser intensity. The width of the beam is based on the 80% to 20% change in the optical intensity. In the example in Fig. 4 an edge of a line on a mask used for microelectronic semiconductor processing is scanned under a cantilevered NSOM tip held within the optical near-field by normal force feedback. The line width in this mask is 1 µm, but the edge sharpness of the line is a few tens of nanometers and thus can be used in a standard optical knife-edge test. The results shown in Fig. 4 demonstrate a resolution of 29 nm. This is as good as the best NSOM resolution that has ever been demonstrated and is the best optical resolution that has ever been achieved.
COMPARISONS WITH THE BEST OF OPTICS TODAY
For a direct comparison with the best in optical resolution that is obtainable today, static random access memories (SRAM), produced with 0.25 µm design rules, were investigated with both NSOM and uv confocal microscopy at 248 nm. 7 This is seen in Fig. 5 . The AFM image that is simultaneously obtained and is shown in this figure is essentially featureless, as this SRAM has been chemically, mechanically polished, as is usual in the processing of such semiconductor wafers. Obviously, residue and pit marks of the chemical, mechanical polishing are detected. The reflection NSOM is obtained by placing the NSOM/AFM system on an upright microscope stage (see Fig. 1 ) and passing a 514 nm laser beam. The light reflected off the SRAM surface is then collected by the lens of the microscope.
The uv confocal image seen in Fig. 5 has a nominal resolution of 0.2 µm. The NSOM that is obtained with green illumination has a much greater resolution. For Fig. 2 . A coated, tapered, cantilevered near-field optical fiber element mounted on a standard tip mount through which an argon ion laser at 488 nm is being transmitted. This tip mount is magnetically attached in the central opening of the top plate in Fig. 1 . The top plate also includes a diode laser and a position-sensitive detector (PSD) to monitor the bending of the cantilevered metal-coated NSOM optical fiber that acts as both an AFM sensor and a subwavelength point source of light. The bending monitors entrance into the near-field, to a sensitivity of less than 0.05 nm, and also monitors alteration in the topography of the sample as the sample is scanned under the tip. The tip, which can be as small as 50 nm, is contiguous with a 1-m-long fiber. The non-tapered end of the fiber is simply connected to a standard mount that focuses a laser beam into the fiber. The optical transmission of these fibers is from the deep ultraviolet to the near-infrared. As the light goes through an orifice that is much smaller than the wavelength of the light there is an evanescent loss of intensity but, still, as much as 10 nW of intensity from a 100 nm orifice is obtainable when the input intensity is approximately 1 mW. It is not possible to increase this input intensity by more than 5 mW since the large losses in the tip would heat the tip and strip off the metal coating. In terms of the mechanical properties of these tips, it has been shown that these fibers have very high resonance frequencies and are at least three orders of magnitude more sensitive to dynamic motions than silicon cantilevers. This dynamic sensitivity extends to the microsecond region, while standard AFM silicon cantilevers have monitored only millisecond motions. confocal microscopy. Thus, this squarely places NSOM between the expanding worlds of optical microscopy and atomic force microscopy (AFM) (see Fig. 3 ).
OPTICS WITH SCANNING ELECTRON MICROSCOPE RESOLUTIONS
For samples that are similar to what can be imaged with scanning electron microscopy (SEM), near-field optical imaging has achieved resolutions that are comparable. An example is shown in Fig. 4 . In this example a standard test, known as a knife-edge test, is used to charac- example, notice the edge sharpness in the NSOM versus the confocal image. Thus, the NSOM has a resolution that is much better than 0.2 µm and, unlike the confocal, provides an online AFM of the topography of the surface of the sample, which confirms that the NSOM is from a layer that is lying below the top oxide surface. The NSOM optical image shows interference fringes at specific locations. This indicates that the layer we are looking at is at a distance that is far enough to allow for such interference for the aperture diameter of 0.15 µm used in these experiments. In spite of this, the resolution obtained is clearly better than the computer deconvolved, uv confocal image of the same region. The data that we and others have obtained have demonstrated that in spite of the past technical difficulties, the commercial availability of good instrumentation and probes today allows the chemist to begin to effectively address a wide variety of problems. In fact, the field of NSOM has matured to the point where the broad strokes of the chemical applications of NSOM are becoming obvious from problems that have already been addressed. To address this new area in chemistry a Today, NSOM stands at the threshold of where AFM stood a decade ago, once generally usable instruments became commercially available. The potential of NSOM though is much greater since, as noted above, it squarely and effectively connects (see Fig. 3 ) two worlds of explosive growth, the world of scanned probe microscopy on the one hand and the expanding horizons of optical microscopy in confocal, non-linear, and digital charge-coupled device (CCD) microscopy on the other.
CHEMICAL PROBLEMS
Microdomain Dye Segregation
A good example of a problem in chemistry to which NSOM has been applied is the segregation and the interaction of dye molecules in macromolecular environments. Important areas to which such NSOM imaging has been applied are dye aggregation and dye segregation in polymer structures. These structures can be purely of chemical interest such as microdomain interactions in photographic systems 10 or in the segregation of chemical components in paper, or in chemical systems of biological significance. 11 An example of the latter is the chemical segregation of dyes in human chromosomes. Such segregation has important structural and functional implications. A standard optical stain that is used in far-field optical microscopy of chromosomes is the stain Geimsa, which stains preferentially the protein component of chromosomes. NSOM has been able to delineate the distribution of this stain with a resolution of 80 nm. Such an image is seen in Fig. 6 . In chromosome chemistry the optical microscopy/ AFM bridging role of NSOM is clearly in evidence. Parallel far-field and NSOM imaging of human chromosomes has been reported with Geimsa, 11 a standard optical stain used in genetic diagnosis. The NSOM provided information on the distribution of this stain, which complexes preferentially to the protein macromolecular infrastructure of the chromosome, and this super-resolution optical image could be directly related to the gross morphology of the chromosome as imaged at the lower resolution of the conventional optical microscope. These studies also included on-line mechanical dissection of specific sites associated with defined Geimsa staining using the simultaneous AFM capabilities. 11 Such dissection allows for the application of the polymerase chain reaction (PCR) to the dissected sites to generate multiple copies of the DNA in these regions, and to correlate the resulting sequence of the DNA to the super-resolution optical imaging of the Geimsa distribution in the protein infrastructure with the mechanical properties of the site. This is most relevant to understanding the chemistry and the mechanics associated with fragile sites in chromosomes, i.e., regions of chromosomes that break off and are transposed into other chromosome regions causing genetic abnormalities.
AFM IMAGE NSOM IMAGE
Studies of dye distribution with NSOM have also been applied to questions of the optical interactions of dye aggregates that are fundamental components in photographic gels. These studies have been elegantly pursued by Paul Barbara and his group. 10 In such inves-tigations the goal is to relate the chemical structure of the dyes with their state of aggregation, their optical properties, and their interactions in microdomains smaller than conventional optical resolution. The Barbara group has focused on the interactions present in dye aggregates called J aggregates, which corresponds to a particular orientation of the dyes relative to one another. Another promising application of the NSOM technique in dye segregation and aggregation is in paper chemistry. Such studies have focused on dye distribution in paper relative to the macromolecular topography.
NSOM in polymeric chemistry is another area with considerable potential. In a recent study Kosterin and Frisbie have investigated the application of near-field polarized light microscopy (NPLM) to the microdomain structure in polymeric films and related their results in certain cases to the degree of cross-linking that existed in the polymer. 12 Further extensions of the polymer theme have used NSOM as a super-resolution exposure tool of polymer photoresists in the deep ultraviolet at 193 nm. 13 Such super-resolution photochemistry is of critical importance in photoresist development for this and next generation microlithography for microelectronics. Exposure tools based on conventional optical imaging with comparable resolution cost several million dollars. Extensions of this exposure capability of NSOM to shorter wavelengths such as the 157 nm fluorine laser is certainly feasible using the same technology as what was used at 193 nm.
Chemical Imaging of Surfaces
In terms of chemistry, one of the most important objectives is the chemical imaging of surfaces. This has been an important goal in scanned probe microscopy. AFM has been used in the past to obtain chemically selective images of surfaces using either frictional force 14 or, more recently, by employing the technique of dynamic force microscopy with chemically modified tips. 15 Although initial results have been obtained using such techniques, methodologies based solely on atomic force imaging are incapable of relating the chemical nature of surfaces to the chemical constituents that are found in near-surface regions. For example, a surface such as a cell membrane that is negatively charged has a considerable influence on the near-surface region in terms of its chemical constitution.
Near-field optics is uniquely suited to address such questions with specifically designed NSOM probes that have the potential for chemically imaging both surface and near-surface regions. The development of a cantilevered micropipette AFM probe 8 allows us to place at the tip of an AFM cantilever molecules that alter their optical properties in response to their chemical environment. Initial work in this direction was taken when fluorescent crystals were grown in the tip of tapered micropipettes. 16 This work was extended by depositing stable dye molecules embedded in sol gel polymers in such tips. By using external illumination to excite such tips many of the limitations of propagating light through near-field apertures were overcome. Today external excitation methods fall into two categories: First, those that employ spectrally active tips 17 and second, those that are based on large fields that can be present when a sharply pointed metal probe is externally illuminated. 18 The spectrally active tips were used as early as 1991 to optically image surfaces. 17 An alternate method of depositing a spectrally active molecule at a surface was developed by Kopelman and coworkers. 19 They used light transmitted through a straight optical fiber tapered to a small metal-coated near-field optical tip in order to photopolymerize small amounts of polymer at the tip of such an optical fiber probe. The photopolymer used in these experiments had covalently conjugated, chemically sensitive fluorescent molecules attached. The method required that, for each chemical species that was to be sensed, a new synthetic process had to be developed. No chemical imaging has been accomplished with such fiber probes.
In this vein, chemically sensitive dye molecules could be entrapped in sol gel glasses polymerized in the tip of micropipettes. 20 Such chemically sensitive tips have several advantages. First, any chemically sensitive dye molecule can be entrapped without the requirement for any synthetic chemistry. Second, the sol gel entrapment stabilizes most dye molecules from photobleaching. Third, the sol gel glasses are porous, and this allows for rapid diffusion of the chemical species to be sensed and allows for simultaneous ion conductance measurements to be made. 20, 21 Tips with a variety of chemical sensitivities have been produced. 20, 21 , and others. In addition, these tips have been cantilevered, as has been previously reported for both micropipettes 8 and optical fibers. 22 This allows for all conventional modes of normal force distance control to be employed. Such cantilevered force sensors have resonance frequencies in the 200-500 kHz range, which are ideal for dynamic force measurements. Therefore, this will allow the near-field optical measurements to be compared to such measurements.
The first problem that has been addressed with such probes is the nature of the effect of surface charge on the proton concentration (pH) of an aqueous solution above a negatively charged surface. For this measurement, which was performed with an NSOM/AFM 100 Confocal optical microscope system from Nanonics Ltd,
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Jerusalem, Israel, the fluorescence from the ion-sensing tip of a cantilevered micropipette with the pH-sensitive dye pyranine entrapped in a sol gel glass was excited by epi-illumination and monitored as the tip was withdrawn from a negatively charged surface (see Fig. 7 ). The surface was generated by depositing a neutral thioacetate monolayer and then converting the thioacetate group either chemically with oxone (Fig. 8) or photochemically with ultraviolet light into a negatively charged monolayer of thiosulfonic acid (Fig. 9) . As the force-sensing pyranine tip was withdrawn from the surface, the pyranine emission was altered as a function of distance, indicating that the surface charge had an effect as far as 150 nm from the surface in the oxoneprepared charged monolayer (see Fig. 8 ).
In another set of experiments, a line scan over an edge between a neutral thioacetate region of a monolayer and a negatively charged thiosulfonic acid region was recorded as a function of distance from the surface. The result is shown in Fig. 9 , in which the fluorescence intensity of the tip is monitored as a function of x position across the thioacetate and thiosulfonic edge generated photochemically. In contact, the fluorescence intensity change was clearly observed, and as the tip Fig. 7 . Dye-embedded sol gel ion-sensing cantilevered micropipette which was excited in an epi-illumination geometry for the measurement of ion concentration at and near a surface. In epi-illumination, external illumination (solid line) is used to excite the dye-filled tip, and the emitted light (dashed line) is selectively detected through a dichroic filter.
was withdrawn from the surface, the contrast between the chemically distinct regions decreased, with the definition of the edge becoming less pronounced and finally disappearing. It should be noted that in the uv-prepared surface (Fig. 9) , the extent of the effect of the charged surface extended over a larger range, as compared to chemical preparation of the surface with oxone (Fig. 8) . This could be due to the extent of conversion of thioacetate groups by uv light, as compared to the oxonetreated surface. This has to be further investigated.
In summary, these first experiments at imaging the three-dimensional chemical environment of a surface bodes very well for the application of such chemically active, force-sensing tips to problems in cell biology, in surface chemistry, in crystal growth, and in any application where the simultaneous ability to monitor chemistry, force, and structure is important. Furthermore, the simultaneous measurement of ion conductivity with such force-sensing tips is also exciting for the combination of these scanned probe measurements both with electrical characteristics and with state-of-the-art optical microscopy through the total integration of the NSOM/AFM 100 Confocal System with any standard optical microscope. 
CONCLUSION
In such a brief summary it is difficult to cover all the applications of near-field optics in chemistry. Specifically, the area of fluorescence imaging has developed effectively [23] [24] [25] [26] [27] [28] from the first report on fluorescence imaging 6 over a decade and a half ago. In addition, a most interesting report on near-field imaging with chemical sensitivity in the infrared region of the spectrum has also been published. 29 There are also a flurry of reports of single molecule detection with near-field optics since the initial report of Betzig and Chichester, 30 but it is today clear that probably a better alternative to near-field detection of single molecules is confocal microscopy. 31 Nonetheless, the on-line presence of an NSOM/AFM with confocal imaging could allow unique combinations of investigations, including the effect of pressure on a single molecule's confocal intensity or the effect of electric fields on this intensity, or a comparison of the confocal and NSOM intensities. Furthermore, there is most interesting activity in near-field Raman scattering (see, for example, refs 32 and 33), and even though the optimal geometries for such Raman scattering are still to be worked out, the potential for this area of near-field application is vast. Finally, there is a lot of potential in the combination of near-field optics with second harmonic generation, and an insight into such areas of research can be gleaned from a recent paper by Peleg et al. 34 
